A solid sampling method for the determination of lead in foods (including grains, vegetables and seafoods) using electrothermal vaporization atomic fluorescence spectrometry was established. The method introduced samples using electrothermal vaporization by quartz furnace and used on-line ashing and vaporization to remove matrix interferences for the specific trap of lead. It was proven by the certified reference material (CRM) and the recovery rate of the standards that the electrothermal vaporization was stable and there was no effect for sampling difference. The best operating program and parameters for the new method included ashing (850 C, 160 s), vaporization and trap (1050 C, 80 s; 800 C, 10 s), release (800 C, 10 s), and mixed Ar + H2 (85:15%, v/v) as carrier gas with flow rate of 500 mL/min. The relative standard deviations of repeated Pb measurements in CRMs were all below 5.0%, and the recovery rate ranged from 90.0 -110.0%. The limit of detection (LOD) for the new method was 3.0 pg and the limit of quantification (LOQ) was 10.0 pg. The total time of analysis was less than 6 min. No significant differences existed between the results measured by the new method and microwave ICP-MS.
Introduction
Heavy metals are considered one of the main sources of pollution in the environment. Among heavy metals, lead (Pb) is the most extensively studied and represents one of the major public-health concerns because it is ubiquitous and damages several organs, including the central nervous system, reproductive system, liver and kidney. Lead readily crosses the placenta and is transferred into breast milk. In humans, the half-life of lead is approximately 30 days in blood and 10 -30 years in bone. Children are more susceptible to the effects of Pb, and there is evidence suggesting exposure to low levels of Pb is associated with attention deficit hyperactivity disorder (ADHD), lower IQ and higher risk of childhood aggression. [1] [2] [3] [4] There have been widespread efforts to reduce lead exposure from food, focusing on implementing standards for lead levels in food, water and food additives. And lead detection has been an important goal in analytical chemistry due to the high toxicity of this element and real problems of lead pollution. 5 The analytical methods for the determination of lead in food are well established and some are used as standard techniques, including ETAAS (electrothermal atomic absorption spectrometry), ICP-MS (inductively coupled plasma mass spectrometry) and ICP-OES (inductively coupled plasma optical emission spectrometry). [6] [7] [8] [9] In the last few decades, many technical improvements have been made to ETAAS, such as the design of the atomizer, background correction systems and improvements in the light source and detector. These have allowed the determination of lead in food at the low microgram per kilogram level. ICP-MS is increasingly used in food laboratories owing to its capability to perform multi-element measurements in a wide variety of food matrices. In addition, the use of dynamic reaction cell technology combined with ICP-MS (DRC-ICP-MS) has allowed the removal of interferences with a minimum loss of sensitivity, while lowering the LOQs for lead. However, these methods are characterized by time consuming procedures, large sample mass requirements, complex pretreatment and toxic chemical reagents usage (including nitric acid, perchloric acid, etc.) which also pose a threat to human health and the environment. In addition, these spectrometric instruments utilize conventional pneumatic nebulization of the samples, which require a complex sample ashing or digestion, and these would lead to possible loss of elements and contamination. Moreover, the analysis must be performed in specialized laboratories by skilled personnel. So, there is an urgent need to develop a sensitive, simple, fast, easyto-operate and cost effective method for lead detection.
At present, some digestion-free analytical methods have been developed, including instrumental neutron activation analysis (INAA), synchrotron radiation X-ray fluorescence (SRXRF), electrothermal AAS (ET-AAS) and electrothermal vaporization atomic fluorescence spectrometry (ETV-AFS), etc. 
Experimental

Instrumentation
The solid sampling device of Pb (Model DAA-5300) and the quartz sample boat were made by Beijing Titan Instruments Co., Ltd. (Beijing, China). A quartz tubulous furnace was used for sample drying and ashing. Mixed Ar + H2 (85:15%, v/v) was used as a carrier gas to sweep the vaporized Pb into the AFS instrument. The carrier gas was also used as the shield gas to prevent the extraneous air from entering the flame and to ensure stability. The ashing furnace, vaporizer, and trap were all made from quartz and program-controlled. The AFS instrument (Model AFS 8230, Beijing Titan Instruments Co. Ltd.) was equipped with a Pb-boosted hollow cathode lamp (HCL; 283.3 nm, General Research Institute of Nonferrous Metals, Beijing, China) as the light source. Figure 1 shows the instrumental arrangement of the ETV-AFS.
An ICP-MS (Elan DRC Π, PerkinElmer, USA) was used to determine Pb in samples for verifying ETV-AFS measurement. The ICP RF power was 1100 W, the plasma gas flow rate was 15.0 L/min, the nebulizer Ar gas flow rate was 0.88 L/min, and the auxiliary Ar gas flow rate was 1.2 L/min. The ion count was monitored at m/z = 208.
Reagents and samples
A standard stock solution (1000 mg/L) of Pb (GBW08619) was purchased from the National Standard Center of China (Beijing, China). A working standard solution was obtained by stepwise dilution of the standard stock solution with deionized water. HNO3 and H2O2 (guaranteed reagent grade, Beijing Chemical Reagents Co., Beijing, China) were used for the digestion of the samples for ICP-MS determination. Bismuth (PerkinElmer, USA) was used as the internal standard for ICP-MS. Three certified reference materials including wheat (GBW10011), celery (GBW10048) and mussels (GBW08571) were purchased from the National Standard Center of China (Beijing, China). Rice and wheat flour samples were purchased from a supermarket in Qingdao. Fresh vegetables (including celery, broccoli and cabbage) purchased randomly from the market were washed with deionized water. After airing at room temperature, the samples were cut up, ground and homogenized completely. Fresh Penaeus vannamei, salmon and scallops were purchased from the supermarket in Qingdao with edible muscles homogenized completely for Pb analysis.
Analytical procedures for SS-ETV-AFS
Firstly, a sample of several milligrams (accurate to 0.01 mg) was put into the quartz sample boat and delivered into the ashing furnace. The sample was dried at 100 C for 10 s to remove water and ashed at 850 C for 160 s to remove most of the organic matrix. Then the sample boat was moved into the vaporizer, which was electrically heated at 1050 C for 80 s to vaporize Pb within the residue, and the vaporized Pb was purged out and trapped to separate the remaining matrix. Finally, Pb was released from the trap and measured by AFS. The sample boat was cleaned at 1100 C for 20 s to keep unpolluted. The operating parameters for ETV-AFS are shown in Table 1 . 
Pretreatment procedures for ICP-MS
Approximately 0.5 g powdered samples or 2.0 g of fresh vegetable and seafood samples were immersed in 6 mL HNO3 in a Teflon vessel overnight at room temperature. After that, 2 mL H2O2 was added and the closed vessels were put into a microwave digestion system (Model MARS 6, CEM, CA, USA). After the remaining acid was removed by electrical heating, the resulting solution was transferred and diluted to 25 mL with deionized water.
Statistical analysis
Results were statistically evaluated using the software SPSS 16.0. The statistical significance of the difference between the two methods was assessed by Duncan's multiple range test. A probability of 0.05 or lower (P <0.05) was considered as significant.
Results and Discussion
Ashing and vaporization
The temperature and time of ashing would critically affect the ashing effects of the food samples. High temperature would help to improve the ashing efficiency but had the possibility of low recovery rate because Pb in samples maybe lost or released in advance. As a result, the suitable ashing program was confirmed to be firstly improved from room temperature to 850 C step by step, and then kept at 850 C for 160 s. This is performed to remove water from the samples, and make samples carbonized and ashed completely.
Based on the recovery rates of wheat (GBW10011), celery (GBW10048) and mussels (GBW08571), the vaporized Pb content kept increasing with the temperature increasing (Fig. 2) . In addition, little Pb in samples could be vaporized below 600 C, while when the temperature increased from 800 to 1100 C, Pb was vaporized more quickly but the relative standard deviation (RSD) was above 5.0% for those below 1000 C. But when at 1050 C, the vaporized Pb reached a stable level, the recovery rate ranged from 88.9 -96.3% and RSD was less than 5.0%. However, when the temperature was above 1100 C, the fluorescence intensity decreased (Fig. 2) . This may be because the higher temperature of vaporization would lead to the temperature of the quartz trap increasing, and this would seriously affect the efficiency of the trap. So an excessively temperature would seriously affect the stability of the detection. Under 1050 C, the best time of vaporization was 80 s when the fluorescence intensity was highest.
However, when the vaporization time was longer than 80 s, the fluorescence intensity significantly decreased because Pb had been completely vaporized from the sample in 80 s (Fig. 3) . So, the suitable vaporization temperature and time were determined to be 1050 C and 80 s.
Flow rate of the carrier gas
A mixture of Ar and H2 (85:15%, v/v) was employed as the carrier gas. As has been reported, hydrogen could provide a reducing atmosphere to improve the atomization efficiency as well as to protect the sampling boat and vaporizer from oxidation. In addition, hydrogen could be used as the "fuel" of Ar-H2 flame for further atomization of the analyte and this could significantly influence the stability, temperature and hydrogen radical concentration of the flame. [15] [16] [17] [18] Approximately 4 mg of wheat (GBW10011) (n = 5) was used to experiment and the effects of flow rate of the carrier gas were studied (Fig. 4) . It could be easily found that the fluorescence intensity increased up to flows of 500 mL/min and then decreased with the gas flow rate increasing. In addition, a good precision (RSD = 3.52%) was also observed at this flow rate, while the RSD was 5.6 and 6.4%, respectively, for 400 and 600 mL/min. The reason may be that low flow rate could not completely carry the vaporized Pb to the AFS, while a high flow rate may dilute the concentration of vaporized Pb leading to the decrease of the Pb signal. So, 500 mL/min was chosen as the best flow rate.
Calibration curves and analytical figures of the method
Matrix matching could eliminate matrix effects for elemental analysis by solid sampling. 19 Under the best instrumental conditions, standard curves were established using various masses of wheat (GBW10011), celery (GBW10048) and mussels (GBW08571). Different masses of calibration matrices were used to prepare standard curves. The results showed that the matrix effects of all samples were the same and a good linear correlation existed between the absolute Pb content and the peak areas, and R (correlation coefficient) was at least 0.997. The relative standard deviations of repeated Pb measurements of three CRMs were all below 5.0%, and the recovery rate ranged from 90.0 -110.0% which meant that the established methods had good stability and precision. The LOD (limit of detection) for the new method was 3.0 pg based on three times the signal to noise ratio, and LOQ (limit of quantification) was 10.0 pg based on 10 times the signal to noise ratio.
Analysis of samples
Pb content in several grain, vegetable and seafood samples (including wheat flour, rice flour, celery, broccoli, cabbage, Penaeus vannamei, salmon and scallop) were determined using the present established method (SS-ETV-AFS) and microwave digestion ICP-MS. The results are shown in Table 2 . There were no significant differences (P >0.05) between the results obtained by the two methods. So it could be concluded that the present new method had optimum accuracy and precision for Pb determination in foods.
SS-ETV-AFS for Pb determination in foods was a fast and easy operation, and the total analysis time was less than 6 min, which was considerably less time compared to microwave digestion ICP-MS. In addition, it did not require the digestion pretreatment and the usage of chemical reagents, so it would contribute to a safe and healthy environment for the operators and at the same time, would decrease environmental pollution and reduce the analytical cost to a great degree. As a result, this method was suggested as an ideal choice for in-field and rapid detection in foods.
Conclusions
A new method for the determination of lead in foods SS-ETV-AFS, was established that provides the advantages of high sensitivity, easy operation and rapid determination. Only a minimum mass of samples was needed for Pb detection in foods with solid sampling. In addition, it was safer for both operators and the environment compared to classic microwave ICP-MS or GF-AAS because it did not require digestion pretreatment with chemical regents. The measured Pb results in grain, vegetables and seafoods were the same for both SS-ETV-AFS and ICP-MS, so the present established method was considered optimal for the rapid determination of Pb in foods and it was hoped to become a novel method for in-field and rapid detection in foods.
